To obtain fine and uniform microstructures, appropriate forging conditions were examined using high-speed large-reduction forging. Swing-type forging equipment was employed in hot-forging experiments using low-carbon steel (0.14%C0.64%Mn). Also, a microstructure analytical system was developed by combining thermomechanical FE analysis with microstructural analysis to discuss the metallurgical phenomena occurring during forging. It was observed that coarse austenite grains can be refined to 2030 µm uniformly using the proposed forging technology in the case of 59% reduction in thickness at 1273 K. In this case, dynamic recrystallization is a dominant factor for obtaining fine and uniform austenite grains. In the case of 43% reduction in thickness, the recrystallization is inhomogeneous, resulting in an inhomogeneous microstructure. Thus, about 60% reduction in thickness is necessary to obtain fine and uniform microstructures using the proposed technology when applied to the roughing of hot strip mills.
Introduction
In the first paper, 1) the authors proposed a new forging technology having no biting limit in the roughing process of the hot strip mill to achieve grain refinement effectively by reducing rolling load. After single-pass large-reduction forging, the slab is fed at the prescribed feed pitch using pinch rolls, and this intermittent large-reduction forging cycle is repeated from the slab head to tail.
In the second paper, 2) the authors proposed a swing type forging technology to reduce the forging load and clarified its effect through experiments and numerical analysis. Moreover, for the sake of further reduction in load, the effect of lubricant was reported.
The purpose of the proposed forging technology is to refine austenite grains in the roughing process by applying large thickness reduction under high-temperature conditions and to promote grain refinement by rolling load reduction in the finishing process. In the high-temperature region, dislocation motion is enhanced by large working strain, thereby promoting recrystallization and grain refinement. However, the grain growth rate after recrystallization is faster in the higher-temperature region. Thus, grain refinement and grain growth are induced repeatedly in the intermittent forging process. Since those metallurgical phenomena depend on the behavior of dislocations, it is necessary to optimize the working conditions such as thickness reduction, temperature and feed pitch in order to obtain a homogeneous fine-grained structure. To achieve this, it is important to correctly understand the relationship between the metallurgical behavior during and after working and the final microstructure.
In this study, a new microstructure analysis system was developed to quantitatively analyze the behavior of austenite grain refinement by this high-speed large-reduction forging process. An outline of the analysis model was shown and the mechanism of austenite grain refinement by this working technology was discussed by comparing the analytical results with microstructure observation using a hot-forged plain carbon steel.
Experimental and Analytical Methods

Experimental method
Hot forging experiments were conducted using the swing type forging equipment shown in the previous paper.
2) Figure 1 shows the experimental procedure. In this study, a SiMn steel (0.14%C0.64%Mn0.01%Si) was used since the target is to enhance its strength by grain refinement of plain carbon steels, thus making it possible to decrease the use of alloy elements. The specimen dimensions were 25.4 mm in thickness, 80 mm in width and 1000 mm in length. The forging conditions were as follows: actual reduction in thickness r a of 43, 59 and 70%, forging speed v of 100 cycles/min and feed pitch f of 35 mm. The specimen was heated to 1473 K in a furnace. The temperature at the onset of forging was changed by controlling the air cooling time after the specimen was extracted from the furnace. The specimen temperature was measured using thermocouples inserted in the thickness and width center of the specimen from the side surface at the longitudinal center position. The specimen temperatures at each longitudinal position were estimated using the information on measured temperatures. The forging equipment was equipped with a rapid cooling device positioned at 180 mm downstream from the dies, which enabled water-quenching of the austenite microstructure (e.g., 100 K/s at 15 mm t ). The quenched specimen was etched with a solution of picric acid, ferric chloride and a surfactant, and the average austenite grain size d£ was measured by the intercept method.
3) The average austenite grain size was 280 µm for the specimen water-quenched immediately after extraction from the furnace. Figure 2 shows an outline of the developed microstructure analysis system. This analysis system is composed of a macroscale model and a microscale model. In the macroscale model, the stress/strain and temperature fields were analyzed by three dimensional finite element analysis, FEA, (commercial software LS-DYNA3D). In the microscale model, the recrystallization and grain growth behavior at each node was analyzed using the information on the temperature and strain rate calculated and stored by the macroscale model. Figure 3 shows the schematics of the macroscale model. This is a three-dimensional model with a quarter crosssection, assuming symmetry in the thickness and width directions. The shape of the die and its movement were modeled precisely. The rise in temperature by deformation and friction as well as the heat transfer from the specimen to the dies was considered. Thermal dependence on deformation resistance and the mechanical properties of the specimen were also considered. In the macroscale model, the analysis was started from the exit of the furnace in Fig. 1 under the assumption that the temperature in the specimen was uniform. After the thermal analysis for the prescribed cooling time, forging analysis was conducted to the 5th pass, in which the deformation and temperature fields became steady. After the forging analysis, air cooling analysis was conducted for 5 s to simulate the thermal recovery and air cooling before water-quenching.
Outline of microstructure analysis system
In this study, the incremental microstructure prediction model 4, 5) was adopted for analyzing the microstructures. With this model, metallurgical phenomena such as recrystallization and grain growth at each node can be calculated using the information on the strain rate and temperature analyzed by FEA. The initial austenite grain size was assumed to be a uniform 280 µm at the onset of forging in the microscale model. Figure 4 shows the positions of microstructure observation in the experiment and the examined area of the calculated results. In the experiment, microstructure observation was conducted at five points individually in the thickness and width directions. A one-to-one comparison of the analytical results with the experimental results was difficult due to the temperature distribution in the furnace and the variation in the initial microstructure. Therefore, the analytical results were evaluated using the maximum and minimum grain size values in the cross-sectional areas in the thickness and width directions within a longitudinal feed pitch shown in the hatched areas in Fig. 4 . In this area, a steady and periodic deformation state was established from the 4th to 5th pass. The grain sizes at the top, bottom and side surface of the quenched specimen were measured at about 0.5 mm depth from each surface. Figure 5 shows the microstructures of forged specimens at the surface, quarter thickness and thickness center at the width center. The experimental conditions were a temperature of 1273 K and actual reduction in thickness r a of 43 and 59%. Here, the temperature was estimated at the thickness center. The austenite grain size is finer and the microstructure displays better uniformity in the surface region under all conditions. This is because the temperature of the surface region decreases by air cooling and heat transfer to the dies during contact and redundant shear deformation is caused by friction with the dies. Figure 6 shows the effect of the reduction in thickness on the grain size at 1273 K. The grain size becomes finer with increasing reduction in thickness and a spread of grain size also decreases. Since deformation is inhomogeneous in this intermittent forging method, the grain size tends to be inhomogeneous under low reduction conditions. The dotted lines in the figure show the maximum and minimum grain size estimated by the microstructure analysis. The ranges of grain size in the experimental and analytical results show good agreement under conditions over 50% reduction in thickness. The maximum grain size at 43% reduction was about 50 µm in the analytical result whereas large grains over 50 µm were observed in the experiment. As the reason for this, initial grain size was assumed a uniform size of 280 µm in the analysis, though the inhomogeneous temperature distribution in the furnace and the initial grain size variation in the experiments existed.
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Discussion
To understand the experimental results shown in Fig. 6 , the metallurgical phenomena during forging are discussed from the viewpoint of dynamic recrystallization behavior.
(1) Microstructure change in 43% thickness reduction Figure 7 shows the temperature distribution calculated by the developed microstructure analysis system under conditions of 1273 K at the thickness center and 43% reduction in thickness. To show the interior of specimen, a one-quarter cross-section area, shown by hatching, is cut out along the longitudinal direction. The temperature decrease around the specimen head and edge corner is large, and a non-steady part can be observed from the specimen head to the 3rd pass region because the analysis started after the extraction from the furnace. However, the temperature distribution becomes almost homogeneous and steady in the region from the 4th pass to 5th pass. Figures 8 and 9 show the distribution of austenite grain size d£ and the fraction of dynamic recrystallization R drex in the evaluated region, respectively. The austenite grain size is small in the surface region and large around the thickness center. This tendency agrees well with the experimental results shown in Fig. 5 . The lateral variation of austenite grain size is relatively small. The fraction of dynamic recrystallization is high in the surface region and low in the internal region. Figure 10 shows the longitudinal distribution of austenite grain size and the fraction of dynamic recrystallization at a depth of 50 µm from the surface and at the thickness center at the center of width. The horizontal axis shows the nondimensional longitudinal distance in the evaluated region. The mid-point of the axis almost coincides with the die vertex in the 4th pass. Zero shows the delivery side. The fraction of dynamic recrystallization reaches about 0.9 at the surface, but it ranges from 0.4 to 0.6 at the thickness center. Discontinuous change of grain size is derived from inhomogeneous and intermittent forging. Whether or not dynamic recrystallization occurs during forging depends on the temperature and strain amount. Since the grain size after dynamic recrystallization does not depend on the grain size of the initial austenite or the strain amount, it can be determined using the ZenerHollomon parameter shown in eq. (1) when dynamic recrystallization occurs.
where _ ¾ is strain rate, Q is activation energy, R is gas constant and T is temperature. The recrystallized grain size becomes smaller under conditions of smaller Z corresponding to higher strain rate and lower temperature. Since redundant shear strain is applied in the surface region by friction between the specimen and dies, the speed of dynamic recrystallization in this region is larger than that in the thickness center region. Moreover, the Z of the surface becomes larger because the temperature around the surface decreases due to heat transfer to air before forging and to the dies during forging, in comparison with that of the thickness center. A close correlation between the variation of the fraction of dynamic recrystallization and the austenite grain size can be seen at the thickness center. The austenite grain size reaches its maximum at around 0.55 of the nondimensional distance (point B in Fig. 10) , where the fraction of dynamic recrystallization reaches its minimum. Figure 11 shows the distributions of equivalent plastic strain ¾ eq and the specimen width at the thickness center of each forging pass calculated by the microstructure analysis system.
1) The position of point B, where the fraction of dynamic recrystallization reaches its minimum in Fig. 10 , coincides with the position of the die vertex in the 4th pass corresponding to the valley of strain in Fig. 11 . Figures 12 and 13 show the transition of the fraction of recrystallization and the grain size at nodes A and B in the calculation, these nodes being located at the surface and the thickness center, respectively, at a position corresponding to the nondimensional distance of 0.55 in Fig. 10 . R srex is the fraction of static recrystallization, and R init is the fraction of non-recrystallization which means the remaining ratio of the initial microstructure. At the surface, austenite grains are promptly refined by dynamic recrystallization during the 4th pass. Static recrystallization and post-dynamic recrystallization proceed during the inter-pass period, and the initial microstructure almost disappears before the 5th pass. Dynamic recrystallization occurs again in some parts during the 5th pass, but the grain size change is small due to the considerable refinement after the 4th pass. During air cooling after the 5th pass, post-dynamic recrystallization proceeds and the fraction of static recrystallization decreases. On the contrary, the fraction of dynamic recrystallization at the thickness center is small and the grain refinement is achieved mainly by static recrystallization, as shown in Fig. 13 . It is thought that the grain size tends to vary under conditions of low reduction in thickness because the recrystallized grain size is affected by the initial grain size in static recrystallization.
7)
(2) Microstructure change in 59% thickness reduction Figures 14 and 15 show the distribution of austenite grain size and the fraction of dynamic recrystallization at 59% thickness reduction, respectively. Figure 16 shows the longitudinal variations at the surface and thickness center of the width center. The variation of grain size through the thickness is small because the fraction of dynamic recrystallization exceeds 0.5 throughout the regions, due to the large applied strain. The fraction of dynamic recrystallization decreases around the center part of the evaluated region in the same way as the case of 43% reduction. However, the grain size is practically not affected and refined almost homogeneously because the fraction of dynamic recrystallization is high as a whole. Given that dynamic recrystallization behavior is greatly affected by the forging temperature, 7) the influence of forging temperature on the absolute value and variation of austenite grain size was investigated. Figure 17 shows the relationship between the fraction of dynamic recrystallization and the austenite grain size at the thickness center in the evaluated region in the temperature range from 1138 to 1363 K. Under the same reduction conditions, higher forging temperatures results in smaller variation of grain size, but the grain size tends to be larger. In contrast, under the same temperature conditions, a large reduction in thickness increases the fraction of dynamic recrystallization, which results in grain refinement. Thus, it appears that finer grains can be obtained by a larger reduction in thickness at 1138 K. These results suggest that, when this forging technology is introduced in the roughing process of the hot strip mill, homogeneous and very fine austenite grains can be obtained under conditions of a reduction in thickness over 60% and a temperature below 1273 K.
Conclusions
The mechanism of austenite grain refinement with plain carbon steels using the developed forging technology was discussed based on the results of hot forging experiments and microstructure analysis.
(1) In this forging technology, dynamic recrystallization has a large influence on grain refinement behavior, and homogeneous and refined austenite grains can be obtained by dynamic recrystallization under conditions of large reduction in thickness.
(2) Under small reduction conditions, grain refinement is dominated mainly by static recrystallization and the grain size tends to vary due to the influence of the initial microstructure. (3) When this forging technology is introduced in the roughing process of the hot strip mill, homogeneous and very fine austenite grains can be obtained under conditions of a reduction in thickness over 60% and a temperature below 1273 K.
